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Ischemia and reperfusion (I/R) injury is associated with
a systemic inflammatory response, characterized by in-
tense tumor necrosis factor (TNF)-� production and
TNF-�-dependent tissue injury. Macrophage migration
inhibitory factor (MIF) is a potent proinflammatory cy-
tokine that may induce TNF-� release and play an im-
portant role in innate immune and inflammatory re-
sponses. The aim of this work was to assess whether
MIF was involved the inflammatory cascade and injury
that follows intestinal I/R. To this end, wild-type (WT)
and MIF-deficient (MIF�/�) mice underwent 60 minutes
of ischemia followed by 60 minutes of reperfusion, after
which they were culled for the assessment of inflamma-
tory parameters. I/R was accompanied by an increase in
circulating levels of MIF and an increase of vascular
permeability, hemorrhage, and production of TNF-� in
the intestine and lungs. The latter parameters were
markedly suppressed in reperfused MIF�/� mice, and
this was associated with decreased lethality (80% in WT
versus 20% in MIF�/� mice). Interestingly, the reperfu-
sion-associated neutrophil accumulation in the intes-
tine and lungs was similar in WT and MIF�/� mice.
Leukocytes isolated from lungs of MIF�/� mice were
less activated, as assessed by their response to zymosan
in a luminol-enhanced chemiluminescence assay. In
conclusion, our results suggest that MIF plays an impor-
tant role in the cascade of events leading to TNF-� pro-
duction and reperfusion-induced tissue injury and le-
thality in mice. (Am J Pathol 2007, 171:1887–1893; DOI:
10.2353/ajpath.2007.060642)

Macrophage migration inhibitory factor (MIF) was origi-
nally described as a cytokine released from activated T
cells that inhibited the random migration of macro-
phages.1,2 More recently, several other important func-
tions of MIF in innate and adaptive immune responses
and in inflammation have been described.3 MIF may be
released by macrophages,4 T cells,5 neutrophils,6 vas-
cular endothelial cells,7 and by the anterior pituitary
gland.8 An interesting characteristic of MIF, as opposed
to other cytokines, is that it is induced rather than inhib-
ited by low doses of glucocorticoid hormones.9 Studies
using MIF-deficient (MIF�/�) mice and anti-MIF antibod-
ies have shown that MIF may modulate the production or
expression of several proinflammatory molecules, including
cytokines, nitric oxide, and in the activation of the cycloox-
ygenase pathway.3 By controlling immune and inflamma-
tory responses, MIF is thought to play an important role in
the pathophysiology of septic shock,8,10,11 rheumatoid
arthritis,12–14 and inflammatory lung diseases.15–17 The role
of MIF in mediating the influx of leukocytes, production of
cytokines, and tissue injury in reperfusion syndromes has
not been described to date.

The reperfusion of the ischemic superior mesenteric
artery of mice is accompanied by a significant local (in-
testine), remote (lungs), and systemic inflammatory re-
sponse.18,19 Studies from our and other groups have
clearly established a central role for tumor necrosis factor
(TNF)-� in mediating tissue injury and lethality in this
model.19–22 Because MIF can be rapidly released from
intracellular stocks in leukocytes4,6 and has the capacity
to modulate the production of TNF-�,5,10,23 we investi-
gated the contribution of MIF to the injury and lethality
that occurs after reperfusion of the ischemic mesenteric
artery in mice.
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Materials and Methods

Animals

Breeding pairs of SV129 MIF-deficient (MIF�/�) mice
were kindly provided by Dr. John R. David, Harvard
School of Public Health, Boston, MA, and were generated
as previously reported.10 MIF�/� and wild-type (WT)
male SV129 mice (10 to 12 weeks of age) were bred at
and obtained from Instituto Gonçalo Muniz, Bahia, Brazil,
and housed under standard conditions with free access
to commercial chow and water. MIF deficiency was con-
firmed by polymerase chain reaction, as previously de-
scribed (data not shown).10 All procedures described
here had prior approval of the local animal ethics
committee.

Ischemia and Reperfusion (I/R)

Mice were anesthetized with urethane (1400 mg/kg, i.p.)
and laparotomy was performed. The superior mesenteric
artery was isolated, and ischemia was induced by totally
occluding the superior mesenteric artery for 60 minutes.
For measuring percentage of surviving mice, reperfusion
was re-established, and mice were monitored for the
indicated time periods. For the other parameters, reper-
fusion was allowed to occur for 60 minutes (I60R60), after
which mice were sacrificed. This time of reperfusion (60
minutes) was chosen based on the presence of signifi-
cant tissue injury without unduly high mortality rates in the
present strain of mice. Sham-operated animals were
used as controls.

Evaluation of Changes in Vascular Permeability

The extravasation of Evans blue dye into the tissue was
used as an index of increased vascular permeability, as
previously described.24 Evans blue (20 mg/kg) was ad-
ministered intravenously (1 ml/kg) via a tail vein 5 minutes
before reperfusion of the ischemic artery. Sixty minutes
after reperfusion, a segment of the duodenum (at �5 cm)
was cut open and allowed to dry in a Petri dish for 24
hours at 37°C. The dry weight of the tissue was calcu-
lated and Evans blue extracted using 1 ml of formamide
(24 hours at room temperature). The amount of Evans
blue in the tissue was obtained by comparing the ex-
tracted absorbance with that of a standard Evans blue
curve read at 620 nm in an enzyme-linked immunosor-
bent assay (ELISA) plate reader. Results are presented
as the amount of Evans blue per �g per 100 mg of tissue.
The right ventricle was flushed with 10 ml of phosphate-
buffered saline (PBS) to wash the intravascular Evans
blue in the lungs. The left lung was then excised and
used for Evans blue extraction. The right lung was used
for the determination of myeloperoxidase as described
below.

Myeloperoxidase Concentrations

The extent of neutrophil accumulation in the intestine and
right lung tissue was measured by assaying myeloperox-

idase activity, as previously described.19 Briefly, a por-
tion of duodenum and the flushed right lungs of animals
that had undergone I/R injury were removed and snap-
frozen in liquid nitrogen. On thawing and processing, the
tissue was assayed for myeloperoxidase activity by mea-
suring the change in optical density (O.D.) at 450 nm
using tetramethylbenzidine. Results were expressed as
the neutrophil index that denotes activity of myeloperox-
idase related with casein-elicited murine peritoneal neu-
trophils processed in the same way.

Measurement of Hemoglobin Concentrations

The determination of hemoglobin concentrations in tissue
was used as an index of tissue hemorrhage. After wash-
ing the intestines to remove excess blood, a sample of
�100 mg of duodenum was removed and homogenized
in Drabkin’s color reagent according to instructions of the
manufacturer (Analisa, Belo Horizonte, Brazil). The sus-
pension was centrifuged for 15 minutes at 3000 � g and
filtered using 0.2-�m filters. The resulting solution was
read using an ELISA plate reader at 520 nm and com-
pared against a standard curve of hemoglobin.

Measurement of Cytokine in Serum, Intestine,
and Lung

The concentration of murine TNF-� and keratinocyte-
derived chemokine (KC) in samples was measured in
serum and tissue of animals using commercially available
antibodies and according to the procedures supplied by
the manufacturer (R&D Systems, Minneapolis, MN).
ELISA kits to determine murine MIF are not available, and
a human MIF ELISA (R&D Systems) was used. Serum
was obtained from coagulated blood (15 minutes at
37°C, then 30 minutes a 4°C) and stored at �20°C until
further analysis. Serum samples were analyzed at a 1:3
dilution in PBS. One hundred mg of duodenum or lung of
sham-operated and reperfused animals were homoge-
nized in 1 ml of PBS (0.4 mol/L NaCl and 10 mmol/L
NaPO4) containing anti-proteases (0.1 mmol/L phenyl-
methyl sulfonyl fluoride, 0.1 mmol/L benzethonium chlo-
ride, 10 mmol/L ethylenediaminetetraacetic acid, and 20
KI aprotinin A) and 0.05% Tween 20. The samples were
then centrifuged for 10 minutes at 3000 � g and the
supernatant immediately used for ELISA assays at a 1:3
dilution in PBS.

Histopathology

Organs (duodenum and lungs) were removed from
anesthetized mice at indicated time points and imme-
diately fixed in formalin for 24 hours, and tissue frag-
ments were embedded in paraffin. Tissue sections (4
�m thick) were stained with hematoxylin and eosin
(H&E).
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Lung Leukocyte Extraction with Collagenase
and Evaluation of Cell Respiratory Burst Induced
by Unopsonized Zymosan Using a
Luminol-Enhanced Chemiluminescence Assay

Lung cell suspensions were prepared by perfusing hep-
arinized ice-cold 0.9% saline solution through the heart of
mice in all groups at the end of each experiment. Once
lungs appeared clean from blood, they were removed
and sectioned in ice-cold RPMI 1640 medium (RPMI
1640 medium without neutral red; Sigma Chemicals, St.
Louis, MO) using sterile razor blades. Dissected lung
tissue was then incubated in collagenase IX (0.7 mg/ml,
Sigma Chemicals) at 37°C for 30 minutes.25 Digested
lung tissue was gently disrupted by passages through a
70-�m nylon cell strainer, and the residual red blood cells
removed by osmotic lysis. The resultant cell suspension,
composed of 70 to 80% polymorphonuclear cells, of
different lungs was pooled and washed in ice-cold RPMI
1640 and counted. This cell preparation was used for
respiratory burst evaluation by luminol-enhanced chemi-
luminescence assay induced by unopsonized zymosan.

Luminol-enhanced and zymosan-induced chemilumi-
nescence was measured to assess cell respiratory burst.
After cell counting, a pool of cells from each group (sham
and I/R from WT and MIF�/� mice), resuspended in col-
orless RPMI 1640, were plated in triplicate at 3 � 105

cells/well in a Luminunc 96-well microwell plate, maxi-
sorp, white, flat bottom (Nunc Brand Products, Roches-
ter, NY). Luminol (5 � 10�5 mol/L) and zymosan (20
particles/cell) (Sigma Chemicals) were added in each
well. The zymosan-elicited luminescence was then re-
corded by a luminometer (LumiCount; Packard, Meriden,
CT) for 120 minutes at 37°C (60 cycles of measurement
with intervals of 2 minutes). Chemiluminescence emis-
sion of each well was expressed as relative lumines-
cence units. The area under the curve was calculated
from the curves generated by the assay to evaluate the
different profiles of luminol-enhanced chemilumines-
cence from each group.

Statistical Analysis

Results are shown as the mean � SEM. Percent inhibition
was calculated by subtracting the background levels of
Evans blue extravasation or myeloperoxidase (obtained
in sham-operated animals) from control and treated ani-
mals. Differences were evaluated by using analysis of
variance followed by Student-Newman-Keuls post hoc
analysis. Results with a P � 0.05 were considered signif-
icant. For survival curves, differences between groups at
different time points were compared using Fisher’s exact
test and considered significant when P � 0.05.

Results

Level of MIF in the Serum after I/R Injury

Initial experiments were designed to assess whether MIF
could be measured in the serum of animals submitted to

I/R injury. After 60 minutes of ischemia followed by 60
minutes of reperfusion, the amount of MIF immunoreac-
tivity present in serum was significantly greater in reper-
fused than sham-operated mice (Figure 1).

Measurement of TNF-� in Absence of MIF after
I/R Injury

Because MIF has been shown to modulate TNF-� release
in other inflammatory reactions,5,10,23 the next step was
to evaluate the effects of MIF deficiency on the levels of
TNF-� in the intestine, lungs, and serum of reperfused
mice. There was no detectable expression of TNF-� in the
intestine and serum and low level of expression of TNF-�
in the lungs of sham-operated WT or MIF�/� mice (Figure
2 and Table 1). In animals submitted to I/R, the levels of
TNF-� rose markedly in all three compartments. This was
not observed in MIF�/� mice. Indeed, in the latter ani-
mals, TNF-� was not detectable in intestine and serum
(Figure 2) and did not rise above baseline levels in the
lungs (Table 1).

Measure of Inflammatory Parameters in
Absence of MIF

The reperfusion of ischemic mice also induced an in-
crease in other inflammatory parameters, including a lo-
cal increase of vascular permeability, hemorrhage, and
neutrophil influx (Figures 3 and 4). There was also signif-
icant remote injury to the lung, as seen by the increase in
vascular permeability and neutrophil accumulation (Ta-
ble 1 and Figure 4). Consistently with the role of TNF-� in
mediating tissue injury in this model19,20 and with the
suppression of TNF-� production in MIF�/� mice, there
was a marked inhibition of vascular permeability increase
and hemorrhage in the intestine of MIF�/� mice (Figure 3,
A and B). There was prevention of the increase of vas-
cular permeability in the lungs of reperfused MIF�/� mice
(Table 1). Despite the suppression of TNF-� production,
vascular permeability changes, and hemorrhage, the
neutrophil influx induced by the reperfusion process was
similar in WT and MIF�/� mice (Figure 3C and Table 1).
Interestingly and consistently with a lack of effect of the
MIF�/� phenotype on neutrophil influx, the intestinal lev-
els of the neutrophil-active chemokine KC were similar in

Figure 1. Concentration of MIF in serum of mice undergoing intestinal I/R
injury. The concentration of MIF was determined by ELISA in serum of
sham-operated mice (Sham) and mice undergoing 60 minutes of ischemia
and 60 minutes of reperfusion (I/R) of the superior mesenteric artery. Results
are shown as pg of MIF per ml of serum and are mean � SEM of five animals.
*P � 0.01 when compared to sham-operated animals.
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reperfused WT and MIF�/� mice (WT: 103 � 3 to 1069 �
79; MIF�/�: 105 � 56 to 828 � 139 pg/100 mg in sham-
operated mice and after I/R, respectively).

The histopathological analysis of WT and MIF�/� mice
confirmed the biochemical quantification described
above. There was no infiltration of leukocytes or other
changes in inflammatory parameters in sham-operated
WT and MIF�/� mice (Figure 4). In the intestine of reper-
fused WT mice, the villi were widened with edema and
leukocyte infiltration (Figure 4c). In MIF�/� mice, there
was a marked reduction in tissue damage, with little
edema and diminished erosions on the tips of the villi,
despite the intense leukocyte infiltration (Figure 4d).
There were also lesions in the lungs. In reperfused WT
animals, there was hyperemia, infiltration of leukocytes,

and interstitial edema (Figure 4g). In reperfused MIF�/�

mice, the interstitial edema and hyperemia were dimin-
ished, but the number of leukocytes was similar to those
of WT animals (Figure 4h).

Level of Cell Activation as Measured by
Chemiluminescence

The level of leukocyte activation was evaluated by mea-
suring the respiratory burst of leukocytes induced by
zymosan in a luminol-enhanced chemiluminescence as-
say. There was no difference in the basal chemilumines-
cence produced by nonstimulated leukocytes from
MIF�/� or WT mice (Figure 5). Addition of zymosan to the
leukocytes induced a marked respiratory burst that
peaked at �30 minutes after stimulation. However, the
respiratory burst of leukocytes from MIF�/� mice was
smaller than that of leukocytes from WT mice (Figure 5).
On average, there was an inhibition of 36% of peak
respiratory burst.

Lethality after I/R Injury

To confirm the relevance of MIF for the outcome of the
systemic inflammatory response triggered by the reper-
fusion injury, we evaluated the lethality rates of WT and
MIF�/� mice submitted to I/R of the superior mesenteric
artery. As seen in Figure 6, more than 80% of reperfused
WT mice died after 120 minutes of reperfusion. In con-
trast and despite a similar lethality rate at the first minutes
of reperfusion, lethality in MIF�/� was greatly prevented,
and more than 20% of the mice were still alive at 120
minutes after reperfusion of ischemic superior mesenteric
artery (Figure 6).

Discussion

Several studies have now shown that the release of MIF
by cells of the immune system, especially macrophages,
may play a relevant role in the physiopathology of certain
inflammatory studies.5,26 A single study has demon-
strated that macrophages infiltrating the infarcted myo-
cardium may be a source of MIF.27 However, the rele-
vance of MIF release was not described in the latter study

Figure 2. Concentrations of TNF-� in the intestine and serum of WT and
MIF�/� mice undergoing intestinal I/R injury. The concentrations of TNF-�
in the intestine (A) and serum (B) of sham-operated mice (Sham) and mice
undergoing 60 minutes of ischemia and 60 minutes of reperfusion (I/R) of the
superior mesenteric artery were determined by ELISA. Results are shown as
pg of TNF-� per ml of serum or per 100 mg of intestine and are mean � SEM
of five animals. ND � not detectable.

Table 1. Changes in Vascular Permeability, Neutrophil Influx, and TNF-� Production in the Lungs of Wild-Type (WT) and
MIF-Deficient Mice Undergoing Intestinal Ischemia and Reperfusion Injury

WT MIF�/�

Sham I/R Sham I/R

Evans blue 1.51 (0.32) 4.78 (1.43)* 1.44 (0.33) 2.39 (0.6)†

Neutrophil influx 2250.03 (797.3) 5749.97 (1866.6)* 1914.07 (482.07) 5276.02 (1759.6)*
TNF-� 304.84 (103.28) 1308.24 (75.55)* 344.96 (130.04) 459.8 (90.87)†

All parameters were measured in sham-operated mice (Sham) and after 60 minutes of ischemia followed by 60 minutes of reperfusion (I/R) of the
superior mesenteric artery. Changes in vascular permeability were assessed as the amount of Evans blue that extravasated into the tissue and is
expressed as �g of Evans blue per 100 mg of tissue. The concentrations of TNF-� are shown as pg of TNF-� per 100 mg of tissue and neutrophil
influx is given as relative units as shown in the Materials and Methods section. Results are mean � SEM of five animals in each group. All experiments
were repeated twice.

*P � 0.01 when compared to sham-operated mice.
†P � 0.01 when compared to WT undergoing I/R.
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or in other forms of reperfusion-associated injury and
lethality. In the current study, we evaluated the role of MIF
in a model of I/R of the superior mesenteric artery in mice.
Our results indicate that the cytokine MIF drives TNF-�
production and plays a relevant role in mediating reper-
fusion-induced inflammatory injury and lethality in mice.

In mice submitted to reperfusion of the ischemic supe-
rior mesenteric artery, there is an acute inflammatory
response that is accompanied by significant tissue injury

and lethality of animals.19,20,28 Studies from our and other
laboratories have clearly shown that the inflammatory
response, characterized by marked edema formation
and neutrophil influx, is necessary for tissue injury and
lethality to occur.29,30 In MIF�/� mice, there was a clear
reduction of tissue injury, as assessed by the diminished
levels of hemoglobin in the intestine and histopathology
of the lungs and intestine. Moreover, prevention of local
and remote injury was accompanied by inhibition of le-
thality from 80% in WT to 20% in MIF�/� mice. The
protection induced by absence of MIF in this model of
reperfusion is consistent with the active proinflammatory
role of this cytokine in other models of tissue injury11,31

but is the first demonstration that MIF is relevant during
reperfusion-induced injury and lethality.

In MIF�/� mice, there was a suppression of edema
formation but the accumulation of neutrophils was similar
to those of WT mice, as assessed by evaluating tissue
myeloperoxidase content and histopathology. The inhibi-
tion of edema formation is consistent with other studies
evaluating this parameter in different models of inflam-
mation.26,32 However, a few studies have demonstrated
that blockade of MIF with antibodies or experiments in

Figure 3. Changes in vascular permeability (A), hemorrhage (B), and neutrophil infiltration (C) in the intestine of WT and MIF�/� mice undergoing intestinal
ischemia and reperfusion injury. All parameters were measured in sham-operated mice (Sham) and after 60 minutes of ischemia followed by 60 minutes of
reperfusion (I/R) of the superior mesenteric artery. A: Changes in vascular permeability were assessed as the amount of Evans blue that extravasated into the tissue
and is expressed as �g of Evans blue per 100 mg of tissue. Hemorrhage was evaluated as the amount of hemoglobin in 100 mg of tissue (B) and neutrophil influx
as the tissue myeloperoxidase content (C). Neutrophil influx is given as relative units as shown in the Materials and Methods section. Results are mean � SEM
of five animals in each group. *P � 0.01 when compared to Sham-operated mice and #P � 0.01 when compared to WT undergoing I/R. All experiments were
repeated twice.

Figure 4. Histopathological analysis of the intestines (a–d) and lungs (e–h)
of WT and MIF�/� mice undergoing intestinal I/R injury. Tissues were
obtained from sham-operated mice (Sham) and after 60 minutes of ischemia
followed by 60 minutes of reperfusion (I/R) of the superior mesenteric artery.
Sections were stained with H&E. Original magnifications, �100.

Figure 5. Time course of luminol-enhanced chemiluminescence in leuko-
cytes obtained from lungs of WT and MIF�/� mice undergoing intestinal I/R
injury. Leukocytes pooled from lungs of five mice after 60 minutes of
ischemia followed by 60 minutes of reperfusion (I/R) of the superior mes-
enteric artery. Leukocytes (3 � 105 cells/well) were left unstimulated (basal)
or were stimulated with zymosan (20 particles/cell). The relative lumines-
cence units (RLUs) were assayed in triplicate and results are representative of
two different experiments.
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MIF�/� mice prevented the influx of leukocytes into tis-
sue.33,34 A possible mechanism to explain the inhibitory
effects of MIF on leukocyte accumulation is the ability of
MIF to modulate the expression of adhesion molecule
expression necessary for leukocyte recruitment.35 It was
somewhat surprising to note that neutrophil accumulation
was similar in WT and MIF�/� mice submitted to I/R injury.
Consistently with the latter observation, we observed that
the number of circulating neutrophils (data not shown)
and the levels of KC were similar in both WT and MIF�/�

mice. Indeed, KC and other interleukin-8-like CXC che-
mokines are produced during intestinal I/R injury and
together with their CXCR2 receptor mediate the influx of
neutrophil into ischemic tissues.36 Blockade of CXCR2 or
antibody against the cytokines prevent not only neutro-
phil influx but also tissue injury and lethality,20,36,37 dem-
onstrating that neutrophils are essential for I/R-associ-
ated injury and lethality. Because neutrophil recruitment
was similar in WT and MIF�/� mice and neutrophils are
essential for injury to occur, one possibility to explain our
results would be that the activation of neutrophils is im-
paired in MIF�/� mice submitted to reperfusion injury.
This possibility was strengthened by our observation that
luminol-enhanced chemiluminescence induced by zymo-
san, a measure of respiratory burst, was diminished in
cells obtained from MIF�/� mice submitted to I/R injury.
The latter result could be explained by a direct action of
MIF on the leukocyte or the impaired production of cyto-
kines, such as TNF-�, capable of priming neutrophils in
an autocrine/paracrine manner. Indeed, at least one
study has shown that MIF may directly activate or modify
the activation of neutrophils.33

One alternative explanation for the lack of difference in
neutrophil influx would be a differential rate of apoptosis
between WT and MIF�/� mice. That is, if apoptosis were
slower or less intense in MIF�/� mice, this could lead to
similar accumulation of cells at the end of the experiment
even though recruitment was different. Previous studies
have shown that MIF can indeed delay polymorphonu-
clear cell apoptosis.38 However, we failed to find an
increased level of apoptosis over baseline, as assessed
by terminal dUTP nick-end labeling or fluorescence-acti-
vated cell sorting (data not shown), in leukocytes ob-

tained from tissue of reperfused animals. It is worth noting
that reperfusion injury is very severe in our system, and
leukocyte accumulation is measured within a very short
time frame (60 minutes), probably reflecting our inability
to show an increase in the number of apoptotic cells.

The cytokine TNF-� is expressed during reperfusion of
ischemic vascular territories, and several studies have
shown that TNF-� plays a relevant role for reperfusion-
induced tissue injury and lethality.19,20 Because the rapid
release of MIF may be involved in the production of
TNF-� in certain experimental models,5,10,23 we investi-
gated the levels of TNF-� in WT and MIF�/� mice. Our
results showed that MIF�/� mice had greatly diminished
quantities of TNF-� in intestine, lungs, and serum after
reperfusion injury. The diminished concentrations of
TNF-� in MIF�/� mice are consistent with an inhibition of
neutrophil activation and diminished reperfusion-associ-
ated injury and lethality observed in these animals. In-
deed, TNF-� may activate neutrophils directly39 or prime
neutrophil activation induced by other mediators.40

Altogether, our results demonstrate an essential role
for MIF in mediating the local, remote, and systemic
changes induced by reperfusion of the ischemic superior
mesenteric artery. In this system, MIF does not appear to
be relevant for the recruitment of neutrophils but is es-
sential for TNF-� release, suggesting that the latter mech-
anism may underlie the inflammatory functions of MIF in
the system. It is possible that MIF-based strategies may
be useful adjuncts in the therapy of patients undergoing
reperfusion injury.

References

1. David JR: Delayed hypersensitivity in vitro: its mediation by cell-free
substances formed by lymphoid cell-antigen interaction. Proc Natl
Acad Sci USA 1966, 56:72–77

2. Bloom BR, Bennett B: Mechanism of a reaction in vitro associated
with delayed-type hypersensitivity. Science 1966, 153:80–82

3. Calandra T, Roger T: Macrophage migration inhibitory factor: a reg-
ulator of innate immunity. Nat Rev Immunol 2003, 3:791–800

4. Bacher M, Metz CN, Calandra T, Mayer K, Chesney J, Lohoff M,
Gemsa D, Donnelly T, Bucala R: An essential regulatory role for
macrophage migration inhibitory factor in T-cell activation. Proc Natl
Acad Sci USA 1996, 93:7849–7854

5. Calandra T, Bernhagen J, Mitchell RA, Bucala R: The macrophage is
an important and previously unrecognized source of macrophage
migration inhibitory factor. J Exp Med 1994, 179:1895–1902

6. Riedemann NC, Guo RF, Gao H, Sun L, Hoesel M, Hollmann TJ,
Wetsel RA, Zetoune FS, Ward PA: Regulatory role of C5a on macro-
phage migration inhibitory factor release from neutrophils. J Immunol
2004, 173:1355–1359

7. Nishihira J, Koyama Y, Mizue Y: Identification of macrophage migra-
tion inhibitory factor (MIF) in human vascular endothelial cells and its
induction by lipopolysaccharide. Cytokine 1998, 10:199–205

8. Bernhagen J, Calandra T, Mitchell RA, Martin SB, Tracey KJ, Voelter W,
Manogue KR, Cerami A, Bucala R: MIF is a pituitary-derived cytokine
that potentiates lethal endotoxaemia. Nature 1993, 365:756–759

9. Calandra T, Bernhagen J, Metz CN, Spiegel LA, Bacher M, Donnelly
T, Cerami A, Bucala R: MIF as a glucocorticoid-induced modulator of
cytokine production. Nature 1995, 377:68–71

10. Bozza M, Satoskar AR, Lin G, Lu B, Humbles AA, Gerard C, David JR:
Targeted disruption of migration inhibitory factor gene reveals its
critical role in sepsis. J Exp Med 1999, 189:341–346

11. Calandra T, Echtenacher B, Roy DL, Pugin J, Metz CN, Hultner L,
Heumann D, Mannel D, Bucala R, Glauser MP: Protection from septic

Figure 6. Survival curves of WT and MIF�/� mice undergoing intestinal I/R
injury. Mice were anesthetized and submitted to 60 minutes of ischemia of
the superior mesenteric artery. The vessel was reperfused, and survival was
monitored as indicated. This graph represents one of two similar experi-
ments, and there was a significant difference (P � 0.01) between WT and
MIF�/� mice.

1892 Amaral et al
AJP December 2007, Vol. 171, No. 6



shock by neutralization of macrophage migration inhibitory factor. Nat
Med 2000, 6:164–170

12. Mikulowska A, Metz CN, Bucala R, Holmdahl R: Macrophage migra-
tion inhibitory factor is involved in the pathogenesis of collagen type
II-induced arthritis in mice. J Immunol 1997, 158:5514–5517

13. Leech M, Metz C, Hall P, Hutchinson P, Gianis K, Smith M, Weedon
H, Holdsworth SR, Bucala R, Morand EF: Macrophage migration
inhibitory factor in rheumatoid arthritis: evidence of proinflammatory
function and regulation by glucocorticoids. Arthritis Rheum 1999,
42:1601–1608

14. Morand EF, Leech M, Weedon H, Metz C, Bucala R, Smith MD:
Macrophage migration inhibitory factor in rheumatoid arthritis: clinical
correlations. Rheumatology (Oxford) 2002, 41:558–562

15. Donnelly SC, Haslett C, Reid PT, Grant IS, Wallace WA, Metz CN,
Bruce LJ, Bucala R: Regulatory role for macrophage migration inhib-
itory factor in acute respiratory distress syndrome. Nat Med 1997,
3:320–323

16. Rossi AG, Haslett C, Hirani N, Greening AP, Rahman I, Metz CN,
Bucala R, Donnelly SC: Human circulating eosinophils secrete mac-
rophage migration inhibitory factor (MIF). Potential role in asthma.
J Clin Invest 1998, 101:2869–2874

17. Mizue Y, Ghani S, Leng L, McDonald C, Kong P, Baugh J, Lane SJ,
Craft J, Nishihira J, Donnelly SC, Zhu Z, Bucala R: Role for macro-
phage migration inhibitory factor in asthma. Proc Natl Acad Sci USA
2005, 102:14410–14415

18. Souza DG, Pinho V, Soares AC, Shimizu T, Ishii S, Teixeira MM: Role
of PAF receptors during intestinal ischemia and reperfusion injury. A
comparative study between PAF receptor-deficient mice and PAF
receptor antagonist treatment. Br J Pharmacol 2003, 139:733–740

19. Souza DG, Soares AC, Pinho V, Torloni H, Reis LF, Teixeira MM, Dias
AA, Martins MT: Increased mortality and inflammation in tumor ne-
crosis factor-stimulated gene-14 transgenic mice after ischemia and
reperfusion injury. Am J Pathol 2002, 160:1755–1765

20. Souza DG, Cassali GD, Poole S, Teixeira MM: Effects of inhibition of
PDE4 and TNF-alpha on local and remote injuries following ischaemia
and reperfusion injury. Br J Pharmacol 2001, 134:985–994

21. Mbachu EM, Klein LV, Rubin BB, Lindsay TF: A monoclonal antibody
against cytokine-induced neutrophil chemoattractant attenuates in-
jury in the small intestine in a model of ruptured abdominal aortic
aneurysm. J Vasc Surg 2004, 39:1104–1111

22. Kimizuka K, Nakao A, Nalesnik MA, Demetris AJ, Uchiyama T, Ruppert
K, Fink MP, Stolz DB, Murase N: Exogenous IL-6 inhibits acute inflam-
matory responses and prevents ischemia/reperfusion injury after intes-
tinal transplantation. Am J Transplant 2004, 4:482–494

23. Chagnon F, Metz CN, Bucala R, Lesur O: Endotoxin-induced myo-
cardial dysfunction: effects of macrophage migration inhibitory factor
neutralization. Circ Res 2005, 96:1095–1102

24. Souza DG, Coutinho SF, Silveira MR, Cara DC, Teixeira MM: Effects
of a BLT receptor antagonist on local and remote reperfusion injuries
after transient ischemia of the superior mesenteric artery in rats. Eur
J Pharmacol 2000, 403:121–128

25. Parent MA, Berggren KN, Kummer LW, Wilhelm LB, Szaba FM,
Mullarky IK, Smiley ST: Cell-mediated protection against pulmonary
Yersinia pestis infection. Infect Immun 2005, 73:7304–7310

26. Meyer-Siegler KL, Ordorica RC, Vera PL: Macrophage migration in-
hibitory factor is upregulated in an endotoxin-induced model of blad-
der inflammation in rats. J Interferon Cytokine Res 2004, 24:55–63

27. Yu CM, Lai KW, Chen YX, Huang XR, Lan HY: Expression of macro-
phage migration inhibitory factor in acute ischemic myocardial injury.
J Histochem Cytochem 2003, 51:625–631

28. Carden DL, Granger DN: Pathophysiology of ischaemia-reperfusion
injury. J Pathol 2000, 190:255–266

29. Abraham E, Arcaroli J, Carmody A, Wang H, Tracey KJ: HMG-1
as a mediator of acute lung inflammation. J Immunol 2000,
165:2950 –2954

30. Souza DG, Teixeira MM: The balance between the production of
tumor necrosis factor-alpha and interleukin-10 determines tissue in-
jury and lethality during intestinal ischemia and reperfusion. Mem Inst
Oswaldo Cruz 2005, 100:59–66

31. Nakajima H, Takagi H, Horiguchi N, Toyoda M, Kanda D, Otsuka T,
Emoto Y, Emoto M, Mori M: Lack of macrophage migration inhibitory
factor protects mice against concanavalin A-induced liver injury.
Liver Int 2006, 26:346–351

32. Leech M, Metz C, Santos L, Peng T, Holdsworth SR, Bucala R,
Morand EF: Involvement of macrophage migration inhibitory factor in
the evolution of rat adjuvant arthritis. Arthritis Rheum 1998,
41:910–917

33. Ichiyama H, Onodera S, Nishihira J, Ishibashi T, Nakayama T, Minami
A, Yasuda K, Tohyama H: Inhibition of joint inflammation and destruc-
tion induced by anti-type II collagen antibody/lipopolysaccharide
(LPS)-induced arthritis in mice due to deletion of macrophage migra-
tion inhibitory factor (MIF). Cytokine 2004, 26:187–194

34. Ohkawara T, Miyashita K, Nishihira J, Mitsuyama K, Takeda H, Kato
M, Kondo N, Yamasaki Y, Sata M, Yoshiki T, Sugiyama T, Asaka M:
Transgenic over-expression of macrophage migration inhibitory fac-
tor renders mice markedly more susceptible to experimental colitis.
Clin Exp Immunol 2005, 140:241–248

35. Amin MA, Haas CS, Zhu K, Mansfield PJ, Kim MJ, Lackowski NP,
Koch AE: Migration inhibitory factor up-regulates vascular cell adhe-
sion molecule-1 and intercellular adhesion molecule-1 via Src, PI3
kinase, and NFkappaB. Blood 2006, 15:2252–2261

36. Souza DG, Bertini R, Vieira AT, Cunha FQ, Poole S, Allegretti M,
Colotta F, Teixeira MM: Repertaxin, a novel inhibitor of rat CXCR2
function, inhibits inflammatory responses that follow intestinal isch-
aemia and reperfusion injury. Br J Pharmacol 2004, 143:132–142

37. Souza DG, Cara DC, Cassali GD, Coutinho SF, Silveira MR, Andrade
SP, Poole SP, Teixeira MM: Effects of the PAF receptor antagonist
UK74505 on local and remote reperfusion injuries following isch-
aemia of the superior mesenteric artery in the rat. Br J Pharmacol
2000, 131:1800–1808

38. Baumann R, Casaulta C, Simon D, Conus S, Yousefi S, Simon HU:
Macrophage migration inhibitory factor delays apoptosis in neutro-
phils by inhibiting the mitochondria-dependent death pathway.
FASEB J 2003, 17:2221–2230

39. Strassheim D, Asehnoune K, Park JS, Kim JY, He Q, Richter D, Mitra S,
Arcaroli J, Kuhn K, Abraham E: Modulation of bone marrow-derived
neutrophil signaling by H2O2: disparate effects on kinases, NF-kappaB,
and cytokine expression. Am J Physiol 2004, 286:C683–C692

40. Elbim C, Chollet-Martin S, Bailly S, Hakim J, Gougerot-Pocidalo MA:
Priming of polymorphonuclear neutrophils by tumor necrosis factor
alpha in whole blood: identification of two polymorphonuclear neu-
trophil subpopulations in response to formyl-peptides. Blood 1993,
15:633–640

Role of MIF in Reperfusion Injury 1893
AJP December 2007, Vol. 171, No. 6


